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Closing the Folding Chamber of the Eukaryotic
Chaperonin Requires the Transition State
of ATP Hydrolysis
by the bacterial chaperonin (reviewed in Gutsche et al.,
1999; Leroux and Hartl, 2000). This suggests that TRiC/
CCT has distinct features that allowed the evolution of
novel eukaryotic proteins.
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require a ring-shaped cofactor, GroES, that upon bind-4 Incyte Genomics, Inc.
ing acts as a lid for the cavity, creating a folding chamber3160 Porter Drive
that encloses polypeptide substrates (Sigler et al., 1998).Palo Alto, California 94304
Group II chaperonins lack a GroES-like cofactor, sug-
gesting that their conformational cycle is significantly
different from group I chaperonins (Gutsche et al., 1999;
Leroux and Hartl, 2000). The crystal structure of theSummary
archetype group II chaperonin, the thermosome com-
plex from Thermoplasma acidophilum, reveals a com-Chaperonins use ATPase cycling to promote confor-
pletely closed structure (Ditzel et al., 1998). The back-mational changes leading to protein folding. The pro-
bone trace of individual thermosome subunits in thiskaryotic chaperonin GroEL requires a cofactor, GroES,
structure resembles that of GroEL except for the pres-which serves as a “lid” enclosing substrates in the
ence of protrusions emerging from the tip of the apicalcentral cavity and confers an asymmetry on GroEL
domains, which are arranged in an iris-like  sheet thatrequired for cooperative transitions driving the reac-
forms a lid enclosing the central cavity (Ditzel et al.,tion. The eukaryotic chaperonin TRiC/CCT does not
1998). As these apical protrusions are unique to grouphave such a cofactor but appears to have a “built-in”
II chaperonins, they have been proposed to functionallylid. Whether this seemingly symmetric chaperonin also
replace GroES and act as a built-in lid that can openoperates through an asymmetric cycle is unclear. We
and close in an ATP-dependent manner (Gutsche et al.,show that unlike GroEL, TRiC does not close its lid
1999; Horwich and Saibil, 1998). However, the mecha-upon nucleotide binding, but instead responds to the
nism and the function of lid closure are poorly under-trigonal-bipyramidal transition state of ATP hydrolysis.
stood.Further, nucleotide analogs inducing this transition
A critical question in understanding the mechanismstate confer an asymmetric conformation on TRiC.
of TRiC is how ATP binding and hydrolysis drives theSimilar to GroEL, lid closure in TRiC confines the sub-
conformational changes that result in productive fold-
strates in the cavity and is essential for folding. Under-
ing. For group I chaperonins, the nucleotide require-
standing the distinct mechanisms governing eukaryo-
ments for folding and cycling have been studied exten-
tic and bacterial chaperonin function may reveal how sively (Sigler et al., 1998). Formation of the closed
TRiC has evolved to fold specific eukaryotic proteins. GroES-GroEL (GroE) complex requires nucleotide bind-
ing and can be accomplished with ATP, ADP, or nonhy-
Introduction drolyzable ATP analogs such as ATPS or AMP-PNP.
Importantly, enclosure of the substrate polypeptide
Chaperonins are key components of the cellular folding within the chamber created by the GroE complex is
machinery (Frydman, 2001; Hartl and Hayer-Hartl, 2002). essential for folding. Although some substrates, e.g.,
These large complexes, consisting of two stacked sev- rhodanese, can fold productively within ternary GroE
en- to nine-membered rings, bind unfolded substrates complexes generated upon nucleotide binding (Hayer-
in their central cavity and use binding and hydrolysis Hartl et al., 1996; Weissman et al., 1996), the folding
of ATP to mediate polypeptide folding (Frydman, 2001; of stringent substrates, such as Rubisco, exhibits an
Hartl and Hayer-Hartl, 2002; Sigler et al., 1998). The absolute requirement for hydrolyzable ATP in the proxi-
hetero-oligomeric eukaryotic chaperonin TRiC (TCP1- mal ring of GroEL (Rye et al., 1997). In marked contrast
Ring Complex, also called CCT) is required for the proper to our detailed understanding of group I chaperonins,
folding of an essential subset of cytosolic proteins, in- the molecular mechanism by which the ATPase cycle
cluding cytoskeletal components, cell cycle regulators, drives lid closure in TRiC/CCT is less clear (Frydman,
and tumor suppressor proteins (Frydman, 2001; Hartl 2001; Gutsche et al., 1999; Leroux and Hartl, 2000). Cryo-
electron microscopy (cryoEM) and small angle neutron-and Hayer-Hartl, 2002). Notably, folding of several
scattering (SANS) analyses of TRiC/CCT and the ther-eukaryotic proteins, such as actin, exhibits a strict re-
mosome, respectively, indicate that in the absence ofquirement for TRiC/CCT, which cannot be substituted
ATP, group II chaperonins adopt an open conformation
similar to that of GroEL (Gutsche et al., 2001; Llorca et al.,*Correspondence: jfrydman@stanford.edu
1999; Nitsch et al., 1998). Despite earlier discrepancies,5 These authors contributed equally to this work.
both structural approaches observed that ATP, as well6 Present Address: Virginia Polytechnic Institute and State Univer-
sity, 1880 Pratt Drive, Blacksburg, Virginia 24061. as AMP-PNP, induced formation of a closed complex
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Figure 1. SAXS Analysis of ATP- and Substrate-Induced Conformational Changes of TRiC/CCT
(A) Typical small angle X-ray scattering curves of TRiC in the absence (dashed black line) and presence of 1 mM ATP (solid red line) presented
as Kratky plots representing IS2 versus S (where I is the scattering intensity and S  2 sin / with 2 the scattering angle,  the X-ray
wavelength). Error bars are denoted by thin lines.
(B) X-ray scattering data for TRiC in the absence (black line) and presence of 1 mM ATP (red line) presented as p(r) profiles. Hatched error
bars, in black, are included in all profiles.
(C) p(r) profiles for nucleotide-free TRiC in the absence (red line) and presence (black line) of the folding substrate tubulin.
(D) p(r) profiles obtained as in (C), but in the presence of 1 mM ATP. The p(r) profile for nucleotide-free TRiC (gray line) is included for
comparison.
(Gutsche et al., 2001; Llorca et al., 2001, 1999). Further sulates the substrate in the central cavity and is indeed
essential for productive folding. Our findings providecryoEM studies concluded that incubation with AMP-
PNP leads to the correct folding of actin within TRiC, a framework to understand how nucleotide hydrolysis
drives the folding reaction in the eukaryotic chaperonin.suggesting that similar to GroE, ATP binding suffices
to trigger the folding-active conformation of group II
chaperonins (Llorca et al., 2001). These studies have led Results
to the view that in group II chaperonins, the conforma-
tion containing the closed lid is insensitive to the chang- Small Angle X-Ray Scattering Reveals ATP-
and Substrate-Induced Conformationaling geometry and bond distances of the -phosphate
during hydrolysis. Thus, the lid closes upon ATP binding, Changes in TRiC
Small angle X-ray scattering (SAXS) analysis was usedremains closed throughout the ATP hydrolysis cycle that
results in ADP  Pi, and reopens upon either phosphate to investigate nucleotide- and substrate-induced con-
formational changes in TRiC. This structural approachor nucleotide release (Gutsche et al., 2001; Llorca et al.,
2001). measures the electron density of a particle in solution
and provides direct information on the size and shapeIn this study, we combine structural measurements
with direct biochemical assays for lid formation and of biomolecules (Doniach, 2001). Using improved scat-
tering detection methods together with synchrotron ra-function to investigate the mechanism of lid closure in
TRiC/CCT and its role in the folding reaction. Capture of diation as an intense and stable X-ray source, SAXS
measurements are completed within minutes. BecauseATP hydrolysis intermediates using purified nucleotides
and -phosphate analogs does not support the model SAXS analysis is carried out in solution under conditions
where the chaperonin is fully active, it avoids possiblethat ATP binding suffices to promote lid closure and
substrate folding. Instead, we find that lid closure is problems associated with other structural techniques
such as EM or crystallography, including distortionstriggered by the trigonal-bipyramidal transition state of
the ATP hydrolysis reaction. Notably, lid closure encap- from vitrification, crystal packing forces, or heavy atom
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plex was obtained from the pair-distance distributionTable 1. Experimental and Predicted Values for the Radius of Gyra-
function p(r), which measures the distribution of pairwisetion (Rg) and Maximum Chord Length (Dmax) of TRiC and GroEL
interatomic distances within the molecule (Doniach,
Condition Rg (A˚) Dmax (A˚) 2001) (Figure 1B). This analysis provides information
Nucleotide series about the internal structure of the scattering particle on
TRiC 70.2  0.5 195  5 a 5 A˚ resolution scale and allows a direct comparison
TRiCATP 64.7  0.6 171  5 of the size and shape of the chaperonin complexes in
TRiCADP 69.4  0.8 193  3
the presence and absence of nucleotide (Figure 1B).TRiCATPS 70.5  0.9 195  4
The maximum r intercept of the p(r) profile, Dmax, repre-TRiCAMP-PNP 70.6  0.4 195  3
sents the longest interatomic distance in the complex.TRiCADP-AlFx 67.8  0.9 182  5
Substrate series The p(r) profile for nucleotide-free TRiC contained a sin-
TRiC 70.2  0.5 195  5 gle maximum at 98 A˚, with a poorly resolved shoulder
TRiCATP 64.7  0.6 171  5 at 60 A˚ (Figure 1B). Based on the thermosome crystal
TRiCtubulin 70.8  0.6 189  5 structure, we hypothesize that this characteristic shoul-
TRiCtubulinATP 66.9  0.7 184  4
der arises from the presence of the internal cavity. TheTRiCactin 70.7  0.7 192  3
overall shape and appearance of the p(r) profile, includ-TRiCactinATP 66.7  0.6 178  5
ing the position of the shoulder, did not change signifi-Clipped TRiC
TRiC 70.2  0.5 195  5 cantly in the presence of ATP, suggesting that the shape
Clipped TRiC 72.0  0.4 202  4 of the internal cavity is not significantly altered during
TRiCATP 64.7  0.6 171  5 nucleotide hydrolysis. In contrast, ATP produced a dra-
Clipped TRiCATP 70.0  0.4 202  5
matic change in the Dmax of the complex. The Dmax ofModel structures, group II chaperonin
nucleotide-free TRiC was found to be 195 5 A˚, in closeOpen conformation1 71.3  0.6 203  4
agreement with cryoEM-derived models for the openAsymmetric conformation2 67.6  0.7 179  4
Closed conformation3 64.8  0.7 164  5 conformation of archaeal chaperonins (Table 1, model
GroE series structures) (Nitsch et al., 1998). Incubation with ATP
GroEL 65.0  0.5 174  4 reduced the Dmax by24 A˚ to 171 A˚ (Figure 1B), confirm-
GroEL-GroES 68.7  0.7 202  4 ing that ATP induces a substantial conformationalModel structures, group I chaperonin
change in TRiC, from an extended to a more compactGroEL, from crystal 64.1  0.6 175  3
state. Notably, the Rg and Dmax of TRiCATP are inGroEL-GroES, from crystal 69.3  0.5 203  5
good agreement with those predicted from the crystal1 Calculated for an open conformation of the thermosome based on
structure of the thermosome (Table 1, model structures)cryoEM reconstructions (Braig et al., 1994).
(Ditzel et al., 1998), suggesting that this closed structure2 Calculated for a hybrid with one ring in the open state and one
reflects the conformation adopted by group II chaper-ring in the closed state.
3 Calculated for the closed thermosome crystal structure (Ditzel et onins under conditions of ongoing ATP hydrolysis (see
al., 1998). below, Figure 2A). Importantly, since the chaperonin
particles appear closed in the presence of ATP, our
SAXS observations indicate that the closed state of TRiC
dominates the kinetic cycle and that open states are
staining as well as particle selection bias (Doniach,
relatively short lived.
2001). The effect of substrate binding on the conformation
A series of X-ray scattering measurements of TRiC of TRiC was also examined, using the physiological sub-
carried out at 30C in the presence and absence of strates tubulin and actin (Figures 1C and 1D for tubulin
nucleotide revealed that ATP induces a large conforma- and Table 1, substrate series). Similar results were ob-
tional change in the chaperonin (Figures 1A and 1B). tained for both proteins. In the absence of nucleotide,
Two examples of typical SAXS scattering profiles of the presence of substrate had little effect on the confor-
TRiC are presented in Figure 1A. In presenting this data, mation of TRiC, as determined from both the Rg and
Kratky plots (IS2 versus S) are used to highlight structural Dmax (Table 1, substrate series) and the shape of the p(r)
changes on an intermediate length scale. In these plots, curves (Figure 1C). The lack of observable effects on
I is the scattering intensity, and S  2sin/, where 2 the scattering profile by the density of the substrate
is the scattering angle and  is the X-ray wavelength suggests that the bound polypeptide adopts a series of
(see Experimental Procedures and Supplemental Exper- unstructured conformations that smear out any measur-
imental Procedures online at http://www.cell.com/cgi/ able contributions to the X-ray scattering (see also Fig-
content/full/113/3/369/DC1). Distinct differences in ure 6A). Upon addition of ATP, both substrates exam-
scattering intensity and structural features of TRiC are ined caused a small but significant increase in the Rg
observed in the presence and absence of ATP (Figure and Dmax of the compact ATP conformation (Figure 1D
1A). Analysis of the scattering profile for nucleotide-free and Table 1, substrate series). The presence of bound
TRiC indicated the complex has an apparent radius of substrate produced a small increase in the p(r) intensity
gyration (Rg) of 70.2 A˚, similar to that expected for the at large radii and a corresponding decrease in the ampli-
open conformation of the all	-thermosome observed by tude of the 98 A˚ maximum (Figure 1D). These small
EM (Table 1, see nucleotide series and model structures) changes are consistent with the presence of an addi-
(Nitsch et al., 1998). The Rg of the TRiCATP complex tional protein mass in the interior of the complex, sup-
decreased to 64.7 A˚ (Table 1, nucleotide series), indicat- porting the idea that the substrate becomes encapsu-
ing that TRiC adopts a more compact conformation. lated by the chaperonin during the folding reaction (see
also Figures 6A and 6B).Additional information about the structure of the com-
Cell
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Figure 2. Three-Dimensional Reconstruction of Chaperonin Conformation
(A) Reconstructed bead model based on the experimental SAXS profile for TRiC in the presence of ATP (turquoise, right) compared to the
crystal structure of the thermosome (yellow, C	 chain only, PDB ID:1a6e, fully rebuilt applying symmetry information contained in the PDB
file [Ditzel et al., 1998]). Bottom panel represents a slice through the middle section of the model/crystal superposition revealing the central
cavity in both the crystallographic structure and the reconstructed model for the solution structure. Inset: consistency between the experimental
scattering profile (black line) and calculated scattering profiles from five independently calculated models (colored lines).
(B) Left: reconstructed bead model based on the experimental SAXS profile measure for TRiC (turquoise) superimposed onto the EM-derived
model for the open conformation of the all 	-thermosome (yellow, C	 chain only) (Nitsch et al., 1998). Right: superposition of models with
(turquoise) and without (yellow) ATP reveals that compaction occurs along the longitudinal axis of the complex, suggesting movement of the
apical domains.
(C) Left: reconstructed bead model derived from the experimental SAXS profile for GroEL (turquoise) superimposed onto the X-ray crystallo-
graphic structure of GroEL (yellow, C	 chain only, PDB ID:1oel [Braig et al., 1994]). Right: model represents a slice through the middle section
of the model/crystal superposition revealing the central cavity in both the crystallographic structure and the reconstructed bead model. The
low resolution of the image (20 A˚) does not provide information about fine structural details of the cavity, such as a septum between the
rings. A ruler containing ticks at 10 A˚ increments is included in all model panels.
(D) Reconstructed model of GroEL-GroES complex from SAXS measurements (turquoise). Left: superimposed on GroEL-GroES crystal structure
(yellow) (Xu et al., 1997). Right: overlap of the GroEL (yellow) and GroEL-GroES models reveals the additional density of the GroES cap.
Three-Dimensional Reconstruction a lattice, calculating a theoretical scattering profile, and
iteratively evolving the bead model by optimizing theof Chaperonin Conformation
To obtain further insight into the nucleotide-induced calculated fit to the scattering data (Bada et al., 2000;
Walther et al., 2000). Because the beads are placedchanges to the solution structure of the chaperonin, the
scattering profiles were used to calculate low-resolution in specific initial directions, the algorithm breaks the
symmetry that results from the angular averaging inher-three-dimensional structures for TRiC. To this end, we
employed the recently developed algorithm saxs3d ent in the SAXS measurements. Consequently, saxs3d
can successfully reconstruct proteins of different(Walther et al., 2000). This algorithm builds up a low-
resolution density map by placing scattering beads on shapes and topologies, including asymmetric ones,
Mechanism and Function of Lid Closure in TRiC/CCT
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without making assumptions about their shape or size function in TRiC, we generated a chaperonin unable to
form the lid. We took advantage of previous observa-(Bada et al., 2000; Walther et al., 2000). The saxs3d-
generated density maps provide a model of the confor- tions that mild proteolytic treatment of nucleotide-free
TRiC selectively “clips” the subunits between residuesmation of a protein in solution, which serves as a low-
resolution complement to models obtained by cryoEM. 250 and 260, within the flexible tip of the apical protru-
sions (Figure 3A, black beads in scheme) (SzpikowskaUpon saxs3d analysis, the three-dimensional density
map obtained for TRiCATP was remarkably similar to et al., 1998), yielding N- and C-terminal halves (Figure
3A, lane 2). This corresponds exactly to the short seg-the closed thermosome crystal structure in terms of
overall shape as well as the dimensions of the central ment forming the ordered, iris-like  sheet lid in the
closed thermosome structure (Figure 3A, scheme) (Dit-cavity (Figure 2A, inset shows the consistency between
the experimental data and the predicted scattering for zel et al., 1998). Notably, incubation of TRiC with ATP
renders these apical lid segments resistant to proteasefive independently calculated models). On the other
hand, analysis of SAXS data for nucleotide-free TRiC digestion (Szpikowska et al., 1998) (Figure 3A, lane 3),
indicating that the nucleotide-induced closure causesyielded a much more elongated complex (Figure 2B,
left). The dimensions of this structure were comparable this  sheet lid to form. We reasoned that clipping within
the lid segments would destabilize the  stranded iris,to those of a model for the fully open, all 	-thermosome
conformation calculated from cryoEM (Figure 2B) resulting in a chaperonin that is unable to fully close.
Because this modification is circumscribed to a ten(Nitsch et al., 1998). However, the apical domains appear
open and extended in the EM-derived model, while the amino acid flexible segment that does not contribute to
the stability of the apical domain (Klumpp et al., 1997;corresponding regions of the SAXS-derived structure
had a characteristic “pointed” shape that was not ob- Szpikowska et al., 1998), it should not affect substrate
binding or the overall chaperonin structure. Indeed,served for the ATP complex or for the GroE structures
(see Figure 2D). Consistent with the observed difference clipped TRiC (cTRiC) remains assembled following pro-
teolytic cleavage and behaves identically to intact TRiCbetween the EM-derived and SAXS-derived structures,
there was poor agreement between the experimental on gel filtration chromatography (data not shown) and
native gel analysis (Figure 3D). Furthermore, SAXS anal-p(r) of TRiC without nucleotide and a theoretical p(r)
curve calculated for the open 	-thermosome model ysis of nucleotide-free cTRiC indicated that the shape
and size of the complex was unaffected by the clipping(Nitsch et al., 1998) (data not shown). Thus, the structure
adopted by TRiC in solution probably differs from the (Figure 3B and Table 1, clipped TRiC series). Impor-
tantly, cTRiC hydrolyzed ATP with the same kinetics asEM-derived model for the open conformation, which
presumably captures only one possible conformation intact TRiC (Figure 3C) and was equally competent to
bind the unfolded substrates actin and VHL (shown inof the highly mobile apical protrusions. Interestingly,
comparison between the SAXS-derived structures ob- Figure 3D for actin, lanes 1 and 3). Thus, cleavage of
the lid segments does not affect the function of thetained in the presence and absence of ATP (Figure 2B,
right) indicated that most of the nucleotide-induced ATPase and substrate binding domains. Strikingly,
SAXS analysis revealed that upon incubation with ATP,change occurred along the longitudinal axis of TRiC,
consistent with a large movement of the apical protru- cTRiC remained in the open conformation observed for
the nucleotide-free state (Figure 3B and Table 1). Thus,sions. These appear extended and highly flexible in the
open state and become ordered to form the closed lid the ATP-induced compaction requires the presence of
intact lid segments.in the presence of ATP.
To validate the structural calculations from SAXS We next examined whether lid formation is required
for productive substrate folding. 35S-labeled denaturedmeasurements, we carried out a similar analysis using
the well-characterized bacterial GroE system. There was actin (D-actin) was incubated with either TRiC or cTRiC
and analyzed by nondenaturing PAGE (Figure 3D). Upongood agreement between the theoretical p(r) for GroEL
and GroEL-GroES, calculated from the crystal structures incubation with ATP, the actin bound to intact TRiC was
efficiently folded to the native state (Figure 3D, laneand experimental profiles (see Supplemental Figure S1
online at http://www.cell.com/cgi/content/full/113/3/ 2; native actin control in lane N). In contrast following
incubation with ATP (Figure 3D, lane 4), actin remained369/DC1. See also Table 1, GroE series), indicating that
the crystal structures correlate well with the conforma- associated with cTRiC in an unstructured, protease-
sensitive conformation (data not shown, but see Figuretion of the complex in solution. The GroEL model derived
by saxs3d analysis of our data contained a central cavity 6A). These experiments indicate that folding of TRiC
bound actin requires intact lid segments. Because for-and successfully reproduced the overall shape and size
of the corresponding crystal structures (Figures 2C and mation of a closed central chamber is essential for
reaching the native state, it appears that the built-in lid2D). Notably, the algorithm successfully reconstructed
the asymmetry of the GroEL-GroES complex (Figure 2D), of TRiC plays a GroES-like role in coupling the ATP
hydrolysis reaction to productive substrate folding.indicating that saxs3d can indeed detect and reconstruct
asymmetric conformational changes occurring in only
one ring of the chaperonin. Lid Closure Requires Hydrolyzable ATP
We next investigated how the ATPase reaction cycle
drives formation of the closed lid (Figures 4 and 5). AsLid Segments Couple ATP Hydrolysis
to Productive Folding expected (Llorca et al., 1998; Melki and Cowan, 1994),
ADP binding did not produce a significant conforma-GroES plays an essential role in linking ATP hydrolysis
to productive folding of the GroEL bound substrate. tional change. The SAXS profile of TRiC-ADP was identi-
cal to that of nucleotide-free TRiC (Figure 4Ai and TableTo examine whether lid formation fulfils an equivalent
Cell
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Figure 3. Intact Lid Segments Are Required for Productive Folding
(A) Generation of a modified TRiC, cTRiC, carrying clipped lid segments. Scheme highlights the structure of the lid-forming segments in the
apical domains (residues 250 and 260, shown as black beads) in the proposed open (Nitsch et al., 1998) and closed (Ditzel et al., 1998)
conformations. Consistent with this model, the lid segments are susceptible to proteolytic cleavage in the open state (lane 2) but are substantially
protected in the presence of 1 mM ATP (lane 3).
(B) SAXS measurements for cTRiC and TRiC in the presence and absence of ATP, presented as p(r) profiles.
(C) ATPase activity of cTRiC and TRiC (0.4 
M) was measured as described (Shlomai and Kornberg, 1980), following incubation at 30C with
1 mM [	-32P]-ATP.
(D). Denatured [35S]-actin binding to and folding by TRiC and cTRiC in the absence and presence of ATP were assessed by native gel analysis
followed by autoradiography. Native [35S]-actin (N-actin) was included as a control (lane N).
1, nucleotide series). Preincubation with ADP failed to Figure S3 online at http://www.cell.com/cgi/content/
full/113/3/369/DC1), indicating that the nucleotide ana-protect the lid segments from proteolysis (Figure 4B,
lane 4), indicating that TRiC-ADP remains in the open logs bound to the chaperonin.
Because the substrate binding sites of TRiC are lo-state.
To determine if ATP binding suffices to trigger lid cated within the central cavity, they should become in-
accessible to unfolded polypeptides upon lid closureclosure, we examined the effects of AMP-PNP and
ATPS, which resembles ATP more closely than AMP- (Figure 4C, scheme). We thus examined whether prein-
cubation of TRiC with nonhydrolyzable ATP analogs af-PNP (Yount, 1975). TRiC remained in the open conforma-
tion upon binding of either analog (Figure 4). The p(r) fected its interaction with 35S-labeled denatured actin
(D-actin) (Figure 4C). No reduction in D-actin bindingprofiles and the radii of gyration for TRiC-AMP-PNP and
TRiC-ATPS were indistinguishable from those of nucle- was observed for TRiC-ADP, TRiC-ATPS, or TRiC-
AMP-PNP, compared with nucleotide-free TRiC (Figureotide-free TRiC, even with very high concentrations of
the nonhydrolyzable analogs (Figure 4Aii; Table 1, nucle- 4C, lanes 3–5), indicating that these nucleotides leave
the chaperonin in a conformation that exposes the sub-otide series). Furthermore, incubation of TRiC with high
concentrations (10 mM) of AMP-PNP or ATPS failed strate binding sites.
These structural and biochemical measurements indi-to induce the proteolytic protection of the lid segments
(Figure 4B, lanes 5 and 6), confirming that these analogs cating that AMP-PNP and ATPS binding do not pro-
mote lid closure contrast with previous cryoEM anddo not promote formation of the structured lid. Impor-
tantly, at this concentration, AMP-PNP and ATPS fully SANS experiments, which observed that AMP-PNP in-
duces the closed conformation. A major difference withinhibited the ATPase activity of TRiC (see Supplemental
Mechanism and Function of Lid Closure in TRiC/CCT
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Figure 4. Lid Closure Requires Hydrolyzable ATP
(A) X-ray scattering data for TRiC complexes with various nucleotide analogs presented as p(r) profiles. The p(r) profiles for nucleotide-free
TRiC (black line) and TRiCATP (hatched red line) are included for comparison. Hatched error bars, shown in black, are included in all profiles.
(B) Scheme, as in Figure 3A, highlights the lid segments in black in the open (nucleotide-free) and closed (ATP-induced) conformations. TRiC-
nucleotide complexes formed by preincubation were subjected to proteolytic analysis, analyzed by SDS-PAGE, and stained with Coomassie
blue. The degree of proteolytic protection in the presence of ADP (10 mM, lane 4), ATPS (10 mM, lane 5), or AMP-PNP (10 mM, lane 6),
expressed as percent of untreated TRiC (lane 1), was quantified from scanned gels using NIH Image. The average of six experiments is shown.
(C) Scheme: lid closure should block substrate from access to binding sites (black lines) inside the cavity. Formation of the closed state was
tested by preincubation with nucleotides as in (B), followed by addition of denatured 35S-actin. Formation of TRiC-35S-actin complexes was
analyzed on native PAGE and autoradiography. Native actin (N-actin) was included as a control (lane N).
our study is that these previous experiments relied on (Gutsche et al., 2001; Llorca et al., 2001), may result
from impurities present in the commercial preparations.commercial preparations of AMP-PNP (Gutsche et al.,
2001; Llorca et al., 2001, 1998), while our experiments In contrast, pure nonhydrolyzable ATP analogs fail to
recapitulate the dramatic conformational change ob-were performed using purified nucleotide analogs. We
find that commercial preparations of AMP-PNP are sub- served with hydrolyzable ATP, demonstrating that for-
mation of the closed lid requires ATP hydrolysis.stantially contaminated with the products of the sponta-
neous decomposition of AMP-PNP, which produce vari-
able amounts of closed complex (see Supplemental The Trigonal-Bipyramidal Transition State of the ATPase
Reaction Triggers Lid ClosureFigure S2 online at http://www.cell.com/cgi/content/
full/113/3/369/DC1; Penningroth et al., 1980). Because The -phosphate of ATP undergoes dramatic conforma-
tional rearrangements during the hydrolysis reactionincubation at high temperatures greatly accelerates the
decomposition reaction (see Supplemental Figure S2), (Rayment et al., 1996; Sprang, 1997). To examine how
lid closure is coupled to these discrete conformations,the lability of AMP-PNP is particularly relevant in the
interpretation of experiments performed with thermo- we trapped ATPase intermediates using -phosphate
(Pi) mimics. Prehydrolytic states were generated usingphilic chaperonins (Gutsche et al., 2001; Llorca et al.,
1999; Nitsch et al., 1998; Yoshida et al., 2002). Thus, ADP-BeFx, since BeFx has a strictly tetrahedral coordina-
tion chemistry that mimics -phosphate in ATP prior topreviously observed effects of AMP-PNP, interpreted to
suggest that lid formation occurs upon binding of ATP hydrolysis (Figure 5A, ATP state) (Fisher et al., 1995;
Cell
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Figure 5. The Trigonal-Bipyramidal Transition State of ATP Hydrolysis Triggers Lid Closure
(A) Upon ATP binding, the -phosphate moiety is in a tetrahedral conformation, mimicked by ADP-BeFx. During hydrolysis, the -phosphate
coordinates an HO ion to adopt a pentavalent conformation with lengthened bonds, mimicked by ADP-AlFx.
(B) TRiC-nucleotide complexes were subjected to proteolytic analysis as described.
(C) Reaction (i): lid closure tested by preincubation with nucleotides as in (B) and subsequent addition of denatured 35S-actin. Reaction (ii):
control incubations, where denatured 35S-actin was added prior to incubation with nucleotides. Formation of TRiC-35S-actin complexes was
analyzed on native PAGE. Preincubation with ADP-AlFx (lane 5) reduced binding to 52%  3% (n  6) of the Mg2 control. Decreased binding
was not observed if actin binding preceded nucleotide incubation (lane 6).
(D) SAXS analysis of TRiC-ADP-AlFx presented as a p(r) profile (blue line). For comparison, p(r) profiles for nucleotide-free TRiC (black line)
and TRiC in the presence of 1mM ATP (red line) are included. Hatched error bars are shown in black.
(E) Left: Reconstructed bead model based on the experimental SAXS profile measure for TRiC-ADP-AlFx (yellow). A ruler containing ticks at
10 A˚ increments is included. Right: superposition of models with ADP-AlFx (yellow) and with ATP (turquoise).
Rayment et al., 1996; Sprang, 1997). In contrast, ADP- Pi liberated in the ATPase reaction and trap the chaper-
onin in a symmetrically closed posthydrolysis conforma-AlFx stabilizes the transition state, since AlFx forms a
pentavalent structure that mimics the trigonal-bipyrami- tion (see Supplemental Figure S4; Melki et al., 1997).
Because these experiments are unable to distinguishdal conformation of the -phosphate undergoing hydro-
lysis (Figure 5A, ADP•Pi state) (Fisher et al., 1995; Ray- between pre- and posthydrolysis nucleotide states, we
generated nucleotide mimics by incubation of TRiC withment et al., 1996; Sprang, 1997). Previous studies used
BeFx and AlFx to capture posthydrolytic states of TRiC ADP and the -phosphate analogs.
Formation of the closed lid was first examined usingby incubating the chaperonin with ATP in the presence
of these analogs (Melki et al., 1997; Melki and Cowan, the proteolytic protection assay (Figure 5B). Although
ADP-BeFx inhibited the ATPase activity of TRiC (see1994; also, see Supplemental Figure S4 online at http://
www.cell.com/cgi/content/full/113/3/369/DC1). In the Supplemental Figure S3), it did not protect the lid seg-
ments (Figure 5B, lane 4), confirming that ATP bindingpresence of ATP, the -phosphate analogs replace the
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Figure 6. Lid Closure Encapsulates the Substrate in the Central Cavity
(A) Scheme: identical aliquots of TRiC-35S-actin complex, incubated in the absence or presence of ATP or the nucleotide analogs indicated
in (A) and (B) for 1 hr at 30C, were subjected to mild proteinase K treatment (20 
g/ml for 5 min) followed by SDS-PAGE and autoradiography.
The same set of controls (lanes 1–5) is included in (A) and (B). Lane 1, mobility of untreated actin (PK). Lanes 2 and 3, protease sensitivity
of denatured 35S-actin diluted into buffer ([D], lane 2) and native 35S-actin (of the same specific activity, N, lane 3). TRiC bound 35S-actin
protease treatment with Mg2 alone (lane 4), with ATP (lane 5), with ADP (lane 6), or with the nonhydrolyzable analogs ATPS (lane 7) and
AMP-PNP (lane 8).
(B) 35S-actin protease treatment in the presence of ADP-BeFx (lane 6), ADP-AlFx (lane 7), and ATP-AlFx (lane 9). Proteolytic protection of the
bound substrate was not observed in control reactions without Mg2 ions (lanes 8 and 10).
(C) Model for the nucleotide cycle of the eukaryotic chaperonin. In the absence of nucleotide, substrates bind to binding sites in the central
cavity (represented by red lines) in an unstructured, protease-sensitive conformation (step 1). ATP binding does not produce lid closure (step
2), nor any detectable folding of the substrate, at least in the case of actin. Formation of the trigonal-bipyramidal transition state of the
hydrolysis reaction triggers lid closure and confines the substrate in the central cavity (step 3). Folding probably occurs at this stage of the
cycle or following scission of the - phosphate bond. Bond scission or Pi dissociation is likely to trigger reopening of the lid and release of
the folded substrate (step 4). Since this study does not address the inter ring cooperativity of ATP hydrolysis, only one ring is drawn in detail.
However, our data suggest that the cycle is probably asymmetric, with an intrinsic mechanism to keep both rings in different stages of the
hydrolytic cycle.
to TRiC does not induce lid closure (Figure 4). In con- BeFx and ADP-AlFx on D-actin binding to TRiC (Figure
5C, reaction [i]). Whereas ADP-BeFx did not reduce thetrast, ADP-AlFx caused a substantial level of protection
(Figure 5B, lane 6), which required the presence of ADP efficiency of D-actin binding to TRiC (Figure 5C, lane
3), formation of the TRiC-ADP-AlFx complex decreased(data not shown) and Mg2 (Figure 5B, lane 7). Interest-
ingly, the lid segment protection observed with ADP- D-actin binding by approximately 50% (Figure 5C, lane
5). Importantly, no reduction in D-actin binding was ob-AlFx was reproducibly halfway between that of TRiCATP
and nucleotide-free TRiC (Figure 5B), even though ADP- served if the nucleotide incubation was performed after
addition of the substrate (Figure 5B, reaction [ii]; laneAlFx fully inhibited the ATPase activity of TRiC under
these conditions (see Supplemental Figure S3). Impor- 6). Thus, ADP-AlFx does not reduce the affinity of TRiC
for the substrate but rather blocks access to the bindingtantly, this result identifies the ADP•Pi trigonal-bipyrami-
dal transition state of the hydrolysis reaction as the sites inside the cavity, confirming that the closed confor-
mation is reached by engagement of the ATPase cycletrigger for lid closure.
Because lid closure should block substrate binding, into the transition state of the hydrolysis reaction.
The conformational changes induced by ADP-AlFxwe compared the effects of preincubation with ADP-
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were further analyzed by SAXS. TRiC-ADP-AlFx yielded protease-resistant actin species. These results indicate
that these ATP analogs do not promote actin foldinga p(r) profile that was intermediate between those ob-
tained for TRiCATP and nucleotide-free TRiC (Figure but leave the substrate in an unstructured conformation
similar to that observed for nucleotide-free TRiC. Strik-5D, compare black and blue traces; Table 1, nucleotide
series). Strikingly, calculation of a model for the TRiC- ingly, incubation with the transition state mimic ADP-
AlFx yielded a 42 kDa protease-resistant band corre-ADP-AlFx measurements using saxs3d yielded an appar-
ently asymmetric structure (Figure 5E) with one rounded sponding in size to full-length actin (Figure 6B, lane 7).
The observed protection was dependent on the pres-end, typical of the closed ATP conformation, and one
elongated, pointed end characteristic of the nucleotide- ence of Mg2 ions (Figure 6B, lane 8). Because ADP-
AlFx yields full-length protease-resistant actin, insteadfree complex. This raises the possibility that the confor-
mation induced in TRiC-ADP-AlFx represents an asym- of the 34 kDa core characteristic of released folded
actin, it appears to induce a conformation that rendersmetric intermediate in the conformational cycle of TRiC.
To test this hypothesis, we compared the experimental the substrate inaccessible to the protease, suggesting
that lid closure encapsulates the substrate within thep(r) with the predicted p(r) functions calculated for mod-
els of the fully open complex, based on the EM-derived central cavity. In support of this conclusion, incubation
of TRiC-actin with ATP  AlFx, which induces lid forma-model; the fully closed complex, based on the crystal
structure; and a hypothetical asymmetric model, built tion in both rings (see Supplemental Figure S4), yielded
a higher level of protease-resistant full-length actin (Fig-from one open and one closed ring. The asymmetric
model provided the best description for the changes ure 6B, lane 9) than that observed for ADP-AlFx. Taken
together, our results indicate that lid closure by the bi-observed in the measured p(r) for TRiC-ADP-AlFx (data
not shown). This structural analysis, together with the pyramidal transition state of the ATPase reaction con-
fines the substrate in the central cavity, which appears50% effects observed in both biochemical assays (Fig-
ures 5B and 5C), suggests that ADP-AlFx induces lid to be essential for productive folding.
closure in only one ring of the complex. Alternatively,
the partial effects may result from incomplete saturation Discussion
of the chaperonin by ADP-AlFx yielding two subpopula-
tions: fully closed complexes and open, analog-free We have defined the link between the ATPase cycle
complexes. However, whereas analog-free TRiC com- and lid closure in the eukaryotic chaperonin TRiC/CCT.
plexes should retain ATPase activity, we find that ADP- Contrary to previous models, we find that the trigonal-
AlFx fully inhibits the ATPase of TRiC, indicating that this bipyramidal transition state of the ATP-hydrolysis reac-
-phosphate mimic binds to all TRiC molecules. tion is the trigger for formation of the structured lid
that encloses the central cavity. Our experiments further
indicate that lid closure encapsulates the TRiC boundLid Closure Confines the Substrate
substrate and is essential for productive folding. Basedin the Central Cavity
on these results, we propose a new model for the ATPaseWhile ATP promotes release of folded actin, the other
cycle of TRiC (Figure 6C). Our findings highlight theATP analogs did not dissociate the TRiC-actin complex
importance of changes in the geometry and bond(Figures 4C and 5C). To examine the effect of nucleotide-
lengths of the -phosphate during the hydrolysis reac-induced conformational changes on the state of the
tion in driving nucleotide-induced chaperonin transi-substrate, binary TRiC-35S-actin complexes were incu-
tions.bated with ATP or various ATP analogs and subjected
to mild proteinase K treatment, followed by SDS-PAGE
analysis and autoradiography (Figures 6A and 6B). Re- Lid Closure Is Triggered by the Transition State
of ATP Hydrolysissistance to mild proteolytic treatment is a hallmark of
correctly folded protein domains (Frydman et al., 1994). The conformational cycle of chaperonins is usually de-
scribed in terms of ATP bound and ADP bound states,In contrast, unstructured polypeptides are highly sus-
ceptible to proteolytic treatment. Accordingly, protease with ATP hydrolysis serving as a switch between these
conformations. However, neither ATP binding nor ADPtreatment of native actin yields a previously described
34 kDa protease-resistant core (lane 3 in Figures 6A and binding cause lid closure in TRiC/CCT (Figure 4). In-
stead, our studies point to the trigonal-bipyramidal tran-6B) (Mornet and Ue, 1984), while denatured 35S-actin
(D-actin) diluted into reaction buffer is fully degraded sition state of ATP hydrolysis as the trigger for formation
of the lid enclosing the cavity (Figure 6C, step 3). This(lane 2 in Figures 6A and 6B).
In the absence of nucleotide, TRiC bound actin was finding explains the requirement for hydrolyzable ATP
in actin folding. More importantly, it establishes that thehighly susceptible to degradation (lane 4 in Figures 6A
and 6B). Thus, the substrate bound in the open confor- changes in the geometry and bond length of the
-phosphate during hydrolysis play a critical role in driv-mation adopts an unstructured conformation that is fully
accessible to the 29 kDa protease. Incubation of TRiC- ing the conformational cycle of this chaperonin. Interest-
ingly, these results evoke mechanistic parallels betweenactin with hydrolyzable ATP leads to substantial actin
folding, as indicated by the appearance of the character- the TRiC cycle and the nucleotide-induced conforma-
tional transitions in G proteins and myosin (Rayment etistic 34 kDa protease-resistant core (lane 5 in Figures
6A and 6B). In contrast, incubation of TRiC-actin with al., 1996; Sprang, 1997). In these proteins, the
-phosphate in the ground NTP bound configuration isADP (Figure 6A, lane 6) or with the ground-state analogs
ATPS (Figure 6A, lane 7), AMP-PNP (Figure 6A, lane unable to reach key residues that trigger the conforma-
tional change. Formation of the bipyramidal transition8), or ADP-BeFx (Figure 6B, lane 6) did not generate any
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state lengthens the - phosphate bond by 1.5–2 A˚, to fold less-stringent substrates in the absence of lid
closure. This may be the case for GFP, which foldsallowing the -phosphate to make these contacts (Ray-
ment et al., 1996; Sprang, 1997). Based on the crystal spontaneously.
Incubation of TRiC-actin complexes with ADP-AlFx,structure of the thermosome, lid closure in group II chap-
eronins may be coupled to the ATPase reaction in a which triggers lid closure, confines the substrate within
the central cavity (Figure 6C, step 3). Because formationsimilar manner. Soaking of thermosome crystals with
ADP-AlFx, which adopts a trigonal-bipyramidal confor- of the closed central chamber is essential for productive
actin folding (Figure 3), it is likely that the encapsulatedmation in the crystal, caused a 1.5 A˚ displacement of
the helix in the hinge domain containing the highly con- substrate folds within this cavity. However, our experi-
ments cannot distinguish whether the trigonal-bipyrami-served Asp390 residue (Ditzel et al., 1998). Movement
of this helix may propagate the conformational change dal transition state itself generates the folding-active
cavity or if folding requires the subsequent scission offrom the equatorial ATP binding domain to the apical
domains that contain the lid segments. We suggest that the -phosphate bond. Upon folding, actin no longer
exposes its TRiC binding sites and is probably releasedthe trigonal-bipyramidal transition state allows the-phos-
phate of ATP to interact with critical residues in the hinge following reopening of the lid (Figure 6C, step 4).
domain, thereby inducing lid closure.
Since the closed conformation appears to dominate Differences Between Group I
the kinetic cycle of TRiC, opening the lid is probably the and Group II Chaperonins
rate-limiting step (Figure 6C, step 4). This is perhaps not Our study highlights significant mechanistic differences
surprising, since lid opening involves breaking a highly between eukaryotic and prokaryotic chaperonins, which
ordered  sheet ring. TRiC adopts an open conformation are likely to contribute to TRiC/CCT’s unique ability to
in the presence of Mg-ADP, arguing for a role of either fold certain eukaryotic proteins. The requirement of ATP
bond scission or orthophosphate (Pi) dissociation in hydrolysis for formation of the closed TRiC complex
opening the lid (Figure 6C, step 4). In principle, the con- contrasts with group I chaperonins, since formation of a
formational change induced by the transition state of closed GroE complex is triggered by nucleotide binding
ATP hydrolysis could persist after bond scission, pro- (Sigler et al., 1998). Considering the similarities between
vided that Pi is still in the nucleotide pocket, as sug- the equatorial domains of group I and group II chaper-
gested for the thermosome (Gutsche et al., 1999). onins (Braig et al., 1994; Ditzel et al., 1998), the changes
induced by ATP binding in their nucleotide binding pock-
ets are probably very similar. However, their radicallyEncapsulation of the Bound Substrate
in the Central Cavity different mechanisms of lid formation may entail differ-
ent energetic requirements. The GroEL lid, i.e., GroES,The fate of the TRiC bound substrate during the nucleo-
tide cycle was examined using SAXS (Figures 1C and is already formed and contains seven binding sites that
interact cooperatively with the 7-mer cis-GroEL ring. In1D) and a protease sensitivity assay (Figures 6A and
6B). These assays indicated that actin is unstructured contrast, formation of the closed lid of TRiC involves
converting flexible, solvent-exposed apical protrusionsupon binding to the nucleotide-free chaperonin (Figure
6C, step 1). Incubation with hydrolyzable ATP resulted into an ordered arrangement of strands. Whereas ATP-
or ADP binding suffices to stabilize the GroES-GroELin the release of folded, protease-resistant actin. The
presence of substrate modified the scattering profile of complex, formation of the ordered lid of TRiC exhibits
a more stringent nucleotide requirement. However, theTRiCATP in a manner consistent with the substrate
density becoming encapsulated in the central cavity requirement for hydrolyzable ATP for GroE-mediated
folding of some substrates (Rye et al., 1997) suggestsduring the hydrolytic cycle.
Incubation of TRiC-actin complexes with analogs of that the prokaryotic chaperonin also responds to ATP-
hydrolysis intermediates. Our finding that the trigonal-the ground prehydrolysis configuration of ATP or with
ADP, the product of the hydrolysis reaction, did not bipyramidal state is key to promote TRiC closure may
help clarify the molecular events that lead to formationinduce any detectable folding in the bound actin, which
remained in an unstructured conformation (Figures 6A of this unique lid structure.
Group I and group II chaperonins also differ in thatand 6B). Thus, ATP binding, which does not induce lid
closure, is also unable to promote substrate folding (Fig- GroES binding imposes an asymmetry on the GroEL
complex, while TRiC is inherently symmetric. Becauseure 6C, step 2). These findings differ from studies carried
out with a group II chaperonin from a hyperthermophilic the asymmetric nature of GroE is critical for driving its
reaction cycle, an important unresolved question forarchaea, which observed AMP-PNP-induced folding of
GFP inside the chaperonin ring (Yoshida et al., 2002). understanding TRiC mechanism is whether it also oper-
ates as a “two stroke motor” by alternating the confor-Although it is in principle possible that eukaryotic and
archaeal chaperonins differ in their nucleotide cycle, mations in both rings. In this regard, the possibility that
ADP-AlFx may induce closure in only one ring is intri-the observed differences may stem from breakdown
products of AMP-PNP caused by incubation at high guing, as it suggests an asymmetric intermediate in the
TRiC cycle. Based on these results, we propose thattemperatures (see Supplemental Figure S2). It is also
possible that different substrates exhibit different nucle- TRiC possesses an intrinsic mechanism to generate an
asymmetric conformation, which keeps both rings inotide requirements for folding. Thus, actin folding exhib-
its an absolute requirement for TRiC/CCT and is critically different stages of the hydrolytic cycle. This idea is sup-
ported by preliminary analysis of the stoichiometry ofdependent on the encapsulation triggered by hydrolyz-
able ATP. In contrast, ATP binding alone may suffice nucleotide binding in the symmetrically closed TRiC-
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The production of [	-32P]-ADP was quantified using a BioRad Phos-ATP-AlFx state, which indicates that both rings are in
phorimager.different nucleotide states (A.S.M. and J.F., unpublished
data). Interestingly, TRiC has been shown to exhibit two
allosteric transitions for ATP hydrolysis, also consistent Small Angle X-Ray Scattering Measurements
with a possible mechanism for negative inter-ring coop- Small angle X-ray scattering measurements were conducted on
beamline IV-2 at the Stanford Synchrotron Radiation Laboratoryerativity (Kafri et al., 2001). Future experiments should
(SSRL, Menlo Park, CA). The X-ray beam (at either the Cu K-edgeelucidate the molecular mechanisms that impart an
or Zn K-edge, corresponding to energies of 8980 or 9352 eV) wasasymmetric conformational cycle on this symmetric
monochromatized using multilayer Mo:B4C or Si(111) monochroma-chaperonin. tors. The camera length (sample to detector distance) was calibrated
using the first-order Bragg diffraction peaks from cholesterol myris-
tate. The scattered X-rays were detected using a linear position-Experimental Procedures
sensitive proportional counter filled with a 80/20 mixture of Xe/
CO2. The incident beam intensity was monitored using a short-pathProtein Purification
TRiC was purified from bovine testes essentially as described (Fer- ionization chamber in front of the sample, and all data were normal-
ized to this intensity. Validation of the experimental setup and datareyra and Frydman, 2000). When necessary, copurifying bound sub-
strates were removed from TRiC by incubation with ATP in the analyses were performed using horse heart cytochrome c and puri-
fied GroEL as standards.presence of GroEL to trap the released substrate proteins, followed
by ion-exchange chromatography on a Mono-Q column. Most TRiC Scattering data were collected in buffer A over a wide concentra-
tion range, from 0.5 to 15 
M, with no interparticle interferencemolecules are active in our preparations, based on the stoichiometry
of actin binding, the efficiency of TRiC-mediated actin folding (60%– observed at concentrations below 12 
M. When indicated, samples
were preincubated with nucleotides or substrate for 15 min at 30C80% folding after 60 min at 30C), and the agreement between the Rg
observed for TRiCATP and the Rg calculated for the thermosome prior to measurements. Data were collected for 2 min at 30C; five
sets of measurement were collected per condition. Throughout ourcrystal. GroEL and GroES (Hayer-Hartl et al., 1996), bovine brain
tubulin (Williams and Lee, 1982), chicken muscle actin (Pardee and measurements, the protein solution remained monodisperse, with
no evidence of radiation damage or aggregation in the Guinier plotsSpudich, 1982), and [35S]-actin (Frydman and Hartl, 1996) were puri-
fied as described. (data not shown). Higher concentration data points were used to
better define the internal structure of the protein complex via the
increase in signal to noise at higher scattering angle but were notNucleotides
used for calculation of Rgs due to significant curvature in the GuinierATP, ADP, and ATPS were from Sigma; AMP-PNP from Calbio-
region.chem. Similar results were obtained for ADP and nonhydrolyzable
nucleotides used at either 1 mM or 10 mM final concentration. The
purity of all nucleotides was assessed by mass spectrometry and
Small Angle X-Ray Scattering Data Analysis
thin layer chromatography on PEI cellulose (Shlomai and Kornberg,
and Structural Reconstructions
1980); their level of contamination with ATP was monitored using a
The radii of gyration (Rg) were evaluated using both the real space
luciferase activity assay (Frydman and Hartl, 1996). Commercial
transform to p(r) profiles whence Rg is derived from the second
AMP-PNP typically contained 10%–20% impurities (Penningroth et
moment of p(ri) and the Guinier approximation (Guinier, 1955). Theseal., 1980) (see Supplemental Figure S2) and was purified by anion
approaches, which circumvent the limitations in the minimum scat-
exchange chromatography as described (Horst et al., 1996).
tering vector (Smin) available, were found to agree to within 2 A˚ (see
Supplemental Experimental Procedures section for further details,
Biochemical Methods online at http://www.cell.com/cgi/content/full/113/3/369/DC1). The
TRiC was assayed in buffer A (20 mM HEPES-KOH [pH 7.4], 100 observed changes in Rg and Dmax for TRiC on adding ATP are well
mM NaCl, 5 mM MgCl2, 0.1 mM PMSF, 0.1 mM EDTA, 1 mM DTT, outside these uncertainties in the determination of Rg.
and 10% glycerol) containing 1% PEG 8000. When indicated, 10 The program saxs3d (Walther et al., 2000) was used to com-
mM EDTA was added to chelate Mg2. Proteolytic digestion of TRiC putationally reconstruct three-dimensional, low-resolution models
was carried out as described (Szpikowska et al., 1998), using either based on the experimentally determined SAXS profiles. To use the
trypsin (Boehringer, at a molar ratio of 1:1000 for 10 min at 4C) or algorithm, ten model structures were reconstructed using random
proteinase K (Sigma, at 20 
g/ml for 5 min at 25C). Similar results iteration seeds, with lattice spacing constant of 2 nm and standard
were obtained using either protease treatment. saxs3d parameters, for each experimental profile. As described in
TRiC binding and folding assays were carried out essentially as Walther et al., 2000, and in the Supplemental Experimental Proce-
described (Frydman and Hartl, 1996). Briefly, 12.5 pmol of denatured dures section, these ten different models were then successively
35S-actin (in 6 M guanidinium chloride, 20 mM Hepes-KOH [pH 7.4], superimposed on one another yielding an averaged structure. Bead
5 mM DTT) was diluted 100-fold into a reaction containing 6.25 pmol density filtering was then applied to the averaged structure to reduce
TRiC in 25 
l buffer A. After incubation for 15 min at 25C and noise and highlight the core structural features of the obtained mod-
centrifugation at 14,000  g for 10 min to remove aggregated actin, els (Walther et al., 2000).
the reaction was incubated with nucleotides for 45 min at 30C and
analyzed by native gel electrophoresis as described, using native
[35S]-actin with the same specific activity as a control (Frydman and Acknowledgments
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